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Abstract
Investigating the effects of various agricultural management systems on soil
hydraulic properties in long-term field experiments allows farmers to evaluate their
efficacy in mitigating the effects of droughts and floods, which are expected to intensify in the coming decades. This study’s main objective was to quantify soil structural
and hydraulic properties in plots under organic manure, organic leguminous, and con-
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ventional agricultural management and related tillage practices at Rodale Institute’s
Farming Systems Trial. Soil cores were collected at depths of 0–10, 10–20, and 20–
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30 cm and analyzed for soil water retention, saturated hydraulic conductivity (Ksat ),
soil organic C (SOC), bulk density, and particle size distribution. Management prac-
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tices had a measurable effect on SOC and bulk density, but not on Ksat , the parameters
of the soil water retention model (rm and σ), or the calculated indicator water content
values: field capacity (θfc ), wilting point (θwp ), plant available water (θpaw ), and air
capacity (θAirCap ). Tillage practices (no-tillage vs. tillage) had a measurable effect
on SOC, bulk density and θAirCap , but not on Ksat , θfc , θwp , or θpaw . Significant differences by depth were observed for θfc, θwp, θpaw, θAirCap , SOC, and bulk density,
but not for Ksat . Our results suggest that relatively minor differences between management practices may be insufficient for generating quantifiable differences in soil
structure, and more substantial changes to management practices will be necessary
to achieve the outcomes for developing climate-resilient agricultural soils.

Abbreviations: CONV, conventional management; FST, farming systems trial; Ksat , saturated hydraulic conductivity; LEG, organic management with
legumes; LTE, long term experiment; MNR, organic management with manure application; NT, plots managed with reduced tillage frequency; SOC, soil
organic carbon; SOM, soil organic matter; SWR, soil water retention; T, tilled plots; TC, total carbon.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Soil Science Society of America Journal published by Wiley Periodicals LLC on behalf of Soil Science Society of America
Soil Sci. Soc. Am. J. 2021;85:2135–2148.
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1

INTRODUCTION

Climate change and soil degradation are critical problems
facing global food security in the 21st century (Lal, 2015;
Schmidhuber & Tubiello, 2007). The increase in the frequency and severity of extreme weather events is expected to
disrupt the daily operations of farmers and reduce yields (Bell
et al., 2018; Herring et al., 2018; Lesk et al., 2016). An analysis of USDA Risk Management Agency data showed that
drought and excess moisture contributed to 70% of the $440
billion crop insurance payouts from 2001 to 2016 (Reyes &
Elias, 2019). The scale of financial losses from these recent
extreme hydrological events emphasizes the urgency to assess
agricultural adaptation strategies that have the potential to
augment the infiltration and retention of water in soil, and
consequently, to buffer agricultural production from extreme
weather variations (Howden et al., 2007).
The capacity of a soil to drain and retain water is controlled by topography at the landscape scale, by the network of
pores that arises from the packing of particles and aggregates
amalgamated by soil organic matter (SOM) at the smaller
scale, and further molded by the activity of micro- and macroorganisms (Meurer et al., 2020). The spatial configuration of
pores and solids is referred to as the soil structure, which in
agricultural systems is largely influenced by land management practices (Pagliai et al., 2004). Preserving soil structure is imperative because degrading it can set off a chain
reaction that leads to a decline in SOM, a reduction in biodiversity, and an overall deterioration in soil quality (Lal,
2015). Thus, investigations into how soil structure is affected
by land management practices are required for establishing
on-farm protocols that facilitate the development of climateresilient agricultural soils (Altieri et al., 2015; Berti et al.,
2016).
Organic management based on minimal mechanical disturbance, as well as the use of cover crops and organic amendments (legumes or manure), often results in more stable soil
structure, better soil fertility and greater SOM content than
systems that rely on inorganic fertilizers and frequent mechanical disturbance by tillage (Ghabbour et al., 2017; Gomiero
et al., 2011; Papadopoulos et al., 2014). However, less is
known about the effects of organic management on the physical characteristics of soil structure, namely the topology
of soil pore networks (Papadopoulos et al., 2014), and its
impact on water retention and infiltration (Williams et al.,
2017). Similarly, there is little consensus on how the observed
increases in SOM caused by organic management influence
the aforementioned physical aspects of soil structure (Shepherd et al., 2002). Recently, Ghabbour et al. (2017) compared
the effect of management (conventional vs. organic) on SOM
and soil water content (after air-drying samples for 24 h) by
analyzing almost 1,400 disturbed soil samples (0–30 cm) from
across the United States. Their results show that samples from

Core Ideas
∙ Need to evaluate efficacy of management practices
in mitigating effects of droughts and floods.
∙ Management and tillage had a measurable effect on
organic C and bulk density.
∙ Management had no measurable effect on
hydraulic conductivity or soil water retention.
∙ Tillage had no measurable effect on hydraulic conductivity or soil water retention.
∙ More substantial changes to management will be
needed to achieve climate-resilient soils.

conventional management (CONV) had less SOM, but held
more water than samples from organic fields. Although the
water content measured by Ghabbour et al. (2017) is below
the range that is available to plants, their report confirms that
the effect of SOM on water retention could be minor (Minasny
& McBratney, 2018).
One way to assess changes in the morphology of soil structure is through the quantification of soil hydraulic properties
(Abdollahi et al., 2014; Naveed et al., 2013; Tuli et al., 2005).
In particular, soil water retention (SWR) measured over a
range of pressure potentials is a function of the distribution of
pore sizes and how they connect (Vogel, 2000); whereas saturated hydraulic conductivity (Ksat ) reflects movement of water
through connected macropores (Koestel et al., 2018). Furthermore, having information on SWR permits estimation of
various soil physical quality indicators that are of agronomic
importance, such as plant-available water and air-filled porosity (Reynolds et al., 2009). In agricultural systems, tillage and
rooting depth influence the vertical variation of these properties (Scholl et al., 2014; Strudley et al., 2008).
Long-term experiments (LTEs) are an essential tool for
observing agronomic properties that evolve across different time scales (Lindenmayer & Likens, 2009; Rasmussen
et al., 1998; Richter et al., 2007), and for predicting the
rate of changes that may occur with shifts in climate. For
instance, data from LTEs have been used to simulate changes
in crop yield from temperature increases (Asseng et al., 2015),
precipitation variability (Cho et al., 2012), and agricultural
C sequestration capacity (Swinton et al., 2015). Similarly,
LTE datasets were used to model the anticipated impacts
of climate change on agricultural production and to provide recommendations for adaptation methods (Berti et al.,
2016). Historically, LTE research has primarily focused on
assessing response to management by measuring changes
in crop yield (Seufert et al., 2012), fertilizer effectiveness
(Johnston & Poulton, 2018), and SOM (Jenkinson, 1991).
Meta-analyses on LTEs have found that organic management
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practices increase soil organic C (SOC) (Gattinger et al., 2012;
Mondelaers et al., 2009), increase microbial abundance and
activity (Hole et al., 2005; Lori et al., 2017), and decrease
soil bulk density (Oquist et al., 2006; Reganold, 1995). No-till
management was found to have no effect on SOC (Luo et al.,
2010), although diverse crop rotation in conjunction with
cover cropping increased SOC, soil N and microbial biomass
(Luo et al., 2010; McDaniel et al., 2014 ). Notably, however,
the effects of organic management and tillage on SWR and
Ksat have seldom been analyzed at LTE sites (Blanco-Canqui
et al., 2017; Eden et al., 2017; Williams et al., 2017), which
limits the possibility of using LTEs to elucidate the effects of
well-established management practices on the distribution of
water in the soil profile.
The Farming Systems Trial (FST) at Rodale Institute in
Kutztown, PA is a 40-yr old LTE setup to compare the effects
of three treatments (organic manure, organic leguminous, and
synthetic conventional) and two tillage systems (till and notill). Lotter et al. (2003) previously observed greater soybean
[Glycine max (L.) Merr.] yield in organic plots at FST compared with conventional plots during drought years between
1989–1999. This observation was attributed to greater plant
available water in organic plots, which suggests that management might have changed the soil structure and and the resultant soil water dynamics at FST, although this conclusion has
yet to be quantitatively verified.
The objective of this study was to measure and compare
soil hydraulic properties across treatments, tillage, and soil
depth at FST. Based on the conclusions of Lotter et al. (2003)
and others (Eden et al., 2017; Strudley et al., 2008), it was
hypothesized that organic management would increase plant
available water and Ksat in comparison with CONV. It was
further hypothesized that such increases may be attributable
to the greater SOC observed in the organic plots at FST (Seidel et al., 2017; Wander et al., 1994), although there was no
information to infer the magnitude of this effect. Our focus on
Ksat is driven by interest in potential climate change-induced
changes to precipitation patterns that might result in more frequent flooding conditions. Similarly, an examination of plant
available water was driven by potential increases in drought
conditions.

2
2.1

MATERIALS AND METHODS
Study site

The Rodale Farming Systems Trial (FST) is an LTE located
at the Rodale Institute in Kutztown, PA, USA (40˚33′05.1“
N, 75˚43′45.9″ W). The site receives an average of 1,198 mm
of rainfall annually and has a mean annual temperature of
10.2 ˚C. The Rodale FST is a split-plot randomized block
experiment set on 6 ha divided into 24 plots, each 92 m
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long by 18 m wide. Each plot is split into three 6-m-wide
subplots (Figure 1; Seidel et al., 2017). The plots are separated by 1.5-m-wide grass strips to mitigate the migration
of fertilizers and pesticides across treatments. The experimental field spans two mapped soil series. The Clarksburg series (map units CmA and CmB) is classified as
a moderately well-drained, fine-loamy, mixed, superactive,
mesic Oxyaquic Fragiudalf, whereas the Berks–Weikert complex (map unit BkB) consists of a well-drained, loamyskeletal, mixed, active, mesic Typic Dystrudept (Berks)
and a somewhat excessively drained, loamy-skeletal, mixed,
mesic Lithic Dystrochrept (Weikert) (Soil Survey Staff,
2020).
Before establishment, the FST field was managed for
25 yr according to a conventional corn rotation. At the onset
of the experiment in 1981, the FST consisted of eight replicates of three original management systems: a conventional
grain rotation in which mineral fertilizer and synthetic pesticides and herbicides were applied, an organic grain rotation
that relied on leguminous cover crops such as hairy vetch for
N fertilization (LEG), and an organic animal-based grain rotation with composted cattle manure and cover crops (MNR;
Wander et al., 1994). Between 1981 and 2007, all FST plots
were tilled (T) annually with a moldboard or chisel plow down
to 25 cm. For primary seedbed preparation, both organic systems used moldboard plowing down to a depth of 25 cm followed by disking and packing prior to planting crops. This
was followed by several secondary cultivation passes for weed
control (Wander et al., 1994). The CONV system used moldboard and chisel plow (also followed by disking and packing)
for primary seedbed preparation during the initial phase of
the experiment, and only chisel plow after 2008. Subsequent
weed control in CONV was accomplished using herbicides.
Management systems between 1981 and 2007 are summarized in Supplemental Table S1. In 2008, half of the replicates
for each treatment (four of eight) were converted to no-till
(NT) management. This modification resulted in the creation
of experimental plots representing six management systems
(MNR–T, MNR–NT, LEG–T, LEG–NT, CONV–T, CONV–
NT). Weeds are managed with synthetic herbicides in CONV–
NT treatment, whereas weed control in MNR–NT and LEG–
NT treatments is managed by rolling and crimping established
cover crops, primarily cereal rye (Secale cereale L.) and hairy
vetch (Vicia villosa L.), using a roller crimper, to create a thick
mulch into which cash crops are planted. Because establishment of cover crops in organic no-till systems requires some
tillage, this system is more accurately referred to as organic
rotational no-till (R–NT).
Rates of fertilizer applications in the CONV system were
determined based on the yield goal. For example, for a corn
yield goal of 9.4 Mg ha−1 , about 168 kg N ha−1 was applied
as a split application of starter fertilizer consisting of 33.6 kg
ha−1 N and P and 11.2 kg K ha−1 at planting, and 134.5 kg
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FIGURE 1

Aerial photo of the Rodale Farming Systems Trial overlain with plot map and soil survey map.

N ha−1 as side-dress fertilization applied as urea ammonium
nitrate (UAN) at the V6 (six leaf) growth stage. No fertilizer was applied to soybeans in the conventional system, but
wheat (Triticum aestivum L.) was top dressed with 67 kg
N ha−1 applied as UAN at stem elongation/jointing stage
(Feekes Growth Stage 6; Miller, 1992). Composted manure
was applied to the MNR system every 2–3 yr depending on
crop rotation, but only prior to planting oats (Avena sativa
L.) or corn (Zea mays L.) silage. Composted manure application rate was typically applied at the rate of 33.6 Mg ha−1 ,
containing 9.8% C, 0.6% total N, 0.17% P, and 0.98% K. This
rate, applied every 2–3 yr, targeted a N input supply of 89.7 kg
N ha−1 , with 40% residual N in the soil expected to be provided by legume cover crops plowed down as green manure
or rolled crimped, as well as SOM accumulation over the long
duration of the study. No-till management systems after 2008
are summarized in Supplemental Table S2. The tilled systems
remained similar to the previous phase of FST history, except
for elimination of barley from the organic manure rotation and
introduction of a longer corn rotation in the conventional rotation (corn–corn–soybean) that most conventional growers in

the mid-Atlantic and the midwestern regions of the United
States presently prefer.

2.2

Soil sample collection and analyses

Soil sampling took place between 25 and 30 June 2018. One
intact core (8-cm diameter, 5-cm height) was extracted from
the crop row in each plot at three depth intervals (0–10, 10–20,
and 20–30 cm). Altogether, 72 intact soil cores were sampled
(6 treatments × 4 replicates × 3 depths). Spatial extents of
the plots and core extraction locations were recorded using a
GPS/GNSS system (Trimble). All samples were stored at 4 ˚C
before measurements of Ksat , SWR, bulk density (ρb ), particle
size distribution (i.e., soil texture), and total organic C.

2.2.1

Saturated hydraulic conductivity

Soil cores were saturated for 72 h prior to measuring
Ksat (cm d−1 ) with the constant head method at pressure heads
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of 1, 3, and 5 cm (KSAT, METER Group). Measurements at
each pressure head were replicated 1–3 times, then averaged
and normalized to a temperature of 10 ˚C for each soil core.

2.2.2
Soil water retention and unsaturated
conductivity measurements
After Ksat measurements were completed, soil cores were
resaturated for 2–4 h before using the evaporation method
(HYPROP, METER Group) to measure the SWR and unsaturated hydraulic conductivity [K(h)] from pressure potentials
of 0 to approximately −1,200 hPa (Peters & Durner, 2008;
Schindler et al., 2010). Soil cores were manually weighed
every 6–12 h, whereas the pressure potential was recorded
every 10 min from two tensiometers at different depths in the
soil core. Measurements were stopped when pressure potential readings became unreliable because of air buildup inside
one or both tensiometers. Each core was then subsampled to
(a) determine soil water content at the end of the HYPROP
run by oven-drying it at 105 ˚C for 24 h, and (b) continue measuring the SWR at pressure potentials between −10,000 and
−16,000 hPa using the dewpoint method (WP4C, METER
Group). About 3 g of homogenized and sieved (<3 mm) soil
was placed in WP4C capsules, uniformly wetted using an
aerosol spray, and thoroughly mixed before and after an equilibration period of about 12 h. Measurements with the WP4C
system were taken sequentially after several 30-min air-drying
sessions before drying the sample at 105 ˚C for 24 h.

2.2.3

Fitting of soil water retention data

Pairs of θ (cm3 cm−3 ) – h (hPa) and log(K) (cm d−1 ) – h
(hPa) datapoints from HYPROP and WP4C analyses of each
core were fitted to the Kosugi water retention retention and
Mualem hydraulic conductivity models based on a lognormal
pore size distribution (Kosugi, 1996)
[ (
)]
ln ℎ∕ℎm
θ − θr
= 𝑄
θ (ℎ) =
θs − θr
σ
( [

(1)

])2
) ]) 12 ( [ (
)
(
ln ℎ∕ℎm
ln ℎ∕ℎm
𝑄
+σ
𝐾 (ℎ) = 𝐾sat 𝑄
σ
σ
(2)
where Q(x) represents the complementary cumulative normal distribution function; θs (cm3 cm−3 ) and θr (cm3 cm−3 )
are the saturated and residual water contents, respectively; hm
is the pressure potential associated with the geometric mean
pore radius, rm , and σ is the SD. Values of hm were converted
to rm with an approximation of the Young–Laplace capillary

equation (rm = 1,500/hm , when hm is expressed in hPa and
rm in μm). Information about [K(h)] was used to place physical constraints on the nonlinear fitting of the SWR relationship (Peters & Durner, 2008). Only [K(h)] data in the pressure potential range from −100 to −500 hPa were used for
this purpose because the most reliable hydraulic conductivity
data is found in that range (Minasny & Field, 2005; Sarkar
et al., 2019).
The unknown parameters (θr , θs , hm , and σ) of Equation 2
were estimated using Bayesian Markov Chain Monte Carlo
and Gibbs sampling techniques as implemented in the R programming packages “rjags” (Plummer, 2016). The parameters θr and θs were assigned uniform prior distributions, ℎm
was log-transformed and assigned a normal distribution with a
mean of two and a SD of one and σ was assigned a gamma distribution with both its shape and scale parameters set to 0.01.
A normal likelihood function was used to evaluate model fit,
the SE of which was assigned an inverse gamma prior distribution parameterized similar to σ. Four Markov chains were
setup to run for a burn-in period of 10,000 generations and
then an additional 2,500 generations to populate the posteriors and to identify the maximum likelihood parameter estimates. These were then used to calculate the volumetric water
contents (cm3 cm−3 ) at field capacity (θfc , h = −330 hPa)
and wilting point (θwp , h = −15,000 hPa), plant available
water [θpaw ; (θfc – θwp )], and air capacity [θAirCap ; (θs – θfc )]
(Reynolds et al., 2009). In addition, average hydraulic conductivity measurements in the range of pressure potentials
between −310 and −350 hPa were selected to investigate the
effect of treatment and tillage practices on hydraulic conductivity at field capacity (Kfc ).

2.2.4

Soil bulk density

The dry soil bulk density (ρb ) of each intact core was calculated from the volume of the core ring and the dry weight
of the soil sample. This soil property was examined directly
in response to experimental variables, but it was also needed
to convert from gravimetric to volumetric (θ) water contents.
Because the soil subsamples used for WP4C measurements
did not contain rocks (particles >2 mm), their oven-dry weight
was corrected by adding on the percent mass equivalent of
rocks in their original soil core to calculate gravimetric water
content and subsequently θ.

2.2.5

Particle size analysis

After Ksat and SWR were measured, soil from each intact core
was removed from the ring, air-dried for 2 wk at laboratory
temperature, and then sieved (<2 mm) to establish the mass
percentage of rocks in each core that was needed to correct
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the dry mass of the WP4C subsamples. An aliquot of ∼150 g
of sieved (<2 mm) soil from each core sample was sent to
the Kansas Geological Survey (University of Kansas) for the
determination of soil texture using the pipette method. Particles were classified into six classes: sand (50–2,000 μm),
coarse silt (20–50 μm), medium silt (5–20 μm), fine silt
(2–5 μm), coarse clay (0.2–2 μm) and fine clay (<0.2 μm)
(Gee & Or, 2018).

2.2.6

Carbon analysis

Total C (TC) was measured using dry combustion elemental analysis (Costech ECS 4010, Costech Analytical Technologies) before and after acid fumigation to remove carbonates. An aliquot of sieved soil from each intact core
was ground to <50 μm using a ball-mill grinder, and 20–
25 mg was used for TC measurements. Results of TC analyses before and after acid fumigation were not significantly
different, and thus TC has been equated to SOC, which
serves as a proxy for soil organic matter content. Previously
measured soil pH values confirm this assumption (data not
shown).

2.3

3
3.1

RESULTS
Site variability

The primary textural class of the soil at FST is silt loam,
with only one sample (of 72) characterized as loam. Particle
size distributions (average ± SD; expressed in percentages)
were 23 ± 4% sand, 60 ± 5% silt, and 17 ± 3% clay. The
percent weight of rocks was 16 ± 6. The NRCS soil survey
map shows that FST covers two USDA soil series, with 75%
of plots (18 of 24) located within the Clarksburg series and
the remaining 25% (six plots) in the Berks–Weikert complex
(Figure 1). This soil mapping suggested that there may exist
a difference in soil texture among these two soil series, but
the two-sided Kolmogorov–Smirnov tests showed no significant variations (p > .1) in any of the six particle sizes classes
measured in this study. However, three-way ANOVAs showed
there were significant variations (p < .05) in sand, coarse silt,
medium silt, and fine clay by tillage, in coarse clay by treatment and in coarse silt, coarse clay, and fine clay by depth.
These differences were on average less than 2.2%. We therefore conclude that texture did not vary substantially and was
not thus considered a confounding factor across experimental
plots.

Statistical analyses
3.2

Before investigating the effects of treatment, tillage, and
depth on the various soil properties measured in this
study, the effects of soil type and texture were examined to assess underlying variability across the experimental site. Soil textural composition of the two USDA soil
series (Clarksburg and Berks–Weikert) at FST was compared using a series of two-sided Kolmogorov–Smirnov
tests (Pacheco & Henderson, 1996) to determine if the
sand, silt, and clay contents of the soil changed over
the landscape.
The effects of treatment, tillage, and depth on soil drainage
(Ksat , θAirCap ) and storage (rm , σ, θfc , θwp , θpaw ), as well as
other soil properties (SOC, ρb ), were analyzed using threeway ANOVAs. The three main effects and all of their interactions were included in the ANOVA models as fixed effects.
Individual main effects were further examined using one-way
ANOVAs when interaction terms were not statistically significant. Tukey posthoc analyses were performed when the main
effects in the one-way ANOVAs were statistically significant.
Differences among factor levels were judged by their means
and adjusted p values for all possible treatment pairs. Linear
regressions were performed to evaluate possible correlations
between selected soil properties. Throughout this study, statistical significance is reported at the 95% confidence level,
unless otherwise noted.

Soil properties

Saturated hydraulic conductivity (Ksat ) varied substantially
across the experiment (Figure 2; Supplemental Table S3).
After log-transformation, the mean was 2.398 (geometric
mean of 250 cm d−1 ) and the CV was 29.2% across all core
samples. As a result, the means did not differ among management treatments (p = .142), tillage treatments (p = .719), or
soil depths (p = .270), and none of the interaction terms in the
three-way ANOVA were found to be statistically significant
either (Supplemental Table S4). The unsaturated hydraulic
conductivity measurements at field capacity (Kfc = 0.011
± 0.004 cm d−1 ) were several orders of magnitude smaller
than Ksat and displayed less variation (8.2% CV for log Kfc ).
Consequently, there were no significant differences in Kfc
between management (p = .77), tillage (p = .10), or soil depths
(p = .39). The marginally small p value for tillage suggests
that Kfc was slightly greater in T vs. NT systems (Supplemental Table S3).
Soil water retention curves varied widely across samples,
with the widest variability in water contents in the wet range
of pressure potentials and some convergence of values in
the dry range near the wilting point (Figure 3). Qualitatively, curves did not show any differentiation by management
(Figure 3a) or tillage (Figure 3b), but did show some differences by depth, such that water contents were greatest at 10–
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F I G U R E 2 Mean log transformed saturated hydraulic conductivity (Log Ksat ) as a function of depth among (a) management and (b) tillage
treatments. Circles represent the mean, error bars represent the SD, and crosses represent individual samples

FIGURE 3

The Kosugi (1996) soil water retention model fits for each core sample, color-coded by (a) management, (b) tillage, or (c) depth

20 cm (Figure 3c). Differences in water retention properties
were quantitatively tested by examining the Kosugi (1996)
model parameters and indicator water content values in Supplemental Table S3.
The log transformed mean pore radius (rm ) and SD (σ) values were unaffected by management (p = .27 and .30), or
tillage (p = .08 and .56), but did differ by depth (p = .001

and .002), although not monotonically (Supplemental Table
S4). The relatively small p value for log rm between tillage
treatments suggests that soil in T plots had greater average
pore diameters than NT plots. The log transformed rm and
Ksat values were linearly correlated (R2 = .28; p < .001), with
the statistical significance of this relationship decreasing with
depth (Supplemental Figure S1).

2142

F I G U R E 4 Volumetric water contents as a function of depth
among management (left column) and tillage (right column) treatments:
at field capacity (θfc ; a, b), at the wilting point (θwp ; c, d), plant
available water (θpaw ; e, f), and air capacity (θAirCap ; g, h). Circles
represent the mean, error bars represent the SD, and crosses represent
individual samples. Scales of the x axes differ among panels

The calculated indicator water contents showed similar
responses to the experimental variables (Supplemental Tables
S3 and S4). The volumetric water content at field capacity
(θfc ) did not differ among management treatments (p = .34;
Figure 4a) or tillage treatments (p = .88; Figure 4b), but did
differ among soil depths (p < .001), although the trend was not
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monotonic. Similarly, the volumetric water content at the wilting point (θwp ) did not differ among management treatments
(p = .12; Figure 4c) or tillage treatments (p = .80; Figure 4d),
but it did increase monotonically with increasing soil depth
(p = .002). The difference between the field capacity and
wilting point volumetric water contents yields the plant available water (θpaw ), which was unchanged among management
(p = .71; Figure 4e) or tillage (p = .97; Figure 4f). Differences
by soil depth were statistically significant (p < .001), with the
largest values measured at the 10–20 cm depth interval. At
20–30 cm, θpaw was positively correlated with SOC (R2 = .43;
p < .01), although not at the shallower depths where SOC was
greater (Supplemental Figure S2). The air capacity (θAirCap )
as the difference in saturated and field capacity water contents
was unaffected by management (p = .13; Figure 4 g), but differed by tillage (p = .03; Figure 4h) and soil depth (p = .001).
Typically, θAirCap was larger near the surface and in plots
that received tillage, which is consistent with the results for
rm . Estimates of θAirCap were positively correlated with Ksat
(R2 = .48; p < .01) and slightly with SOC (R2 = .13; p = .005),
especially closer to the surface (Supplemental Figure S3).
Measured values of dry bulk density (ρb ) were highly sensitive to the experimental variables (Figure 5). Mean differences
were statistically different among management (p < .001)
and tillage treatments (p < .001), decreasing in the order
CONV > LEG > MNR and NT > T, respectively. The ρb values also significantly increased with soil depth (p < .001). The
fitted saturated water content (θs ) values were on average 4.9
± 5% larger than the porosity estimated from ρb and particle density (2.65 Mg m−3 ). There were several core samples
that exhibited swelling and shrinking during measurements of
SWR. Thus, the difference between fitted θs and porosity calculated from dry ρb is attributed to the swelling of the soil
at saturation. Despite the numerical differences, the Pearson
correlation between these two variables was 0.90, meaning
that θs shared with dry ρb the same significant trends with
ρb , but in the opposite ordering (MNR > LEG > CONV;
T > NT; 10 cm > 20 cm > 30 cm). Both θs and dry ρb were
highly correlated with SOC (R2 = .5 and .8; p < .01), especially at the 20–30 cm depth (Supplemental Figure S4). The
residual water content (θr ) values were only significant by soil
depth (p < .001), such that θr was smallest at the 10-to-20-cm
depth.
Measured SOC in the core samples differed among the
management (p < .001; Figure 6a) and tillage (p = .03;
Figure 6b) treatments; and it decreased with increasing soil
depth (p = .002). There was a negative correlation between
SOC and total clay (R2 = .43; p < .01) and a positive one
with total silt (R2 = .18; p < .01), which in both cases
was most pronounced at the 20-to-30-cm depth (data not
shown).
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F I G U R E 5 Soil bulk density (ρb ) as a function of depth among (a) management and (b) tillage treatments. Circles represent the mean, error
bars represent the SD, and crosses represent individual samples

F I G U R E 6 Soil organic C (SOC) as a function of depth among (a) management and (b) tillage treatments. Circles represent the mean, error
bars represent the SD, and crosses represent individual samples

4

DISCUSSION

Whereas crop yields and a subset of soil health parameters
such as SOC, total N, and ρb are regularly analyzed on LTEs,
soil hydraulic properties are seldom examined. In the last 40
yr, FST scientists have relied on field gravimetric water content to gain insight into soil water dynamics, but recently the
importance of using volumetric water content to assess management effects on water retention has been demonstrated
(Eden et al., 2017). Furthermore, soil water retention data
from saturation to wilting point can be used to derive variables
important to crop growth and that are influenced by variations
in soil structure. In particular, the parameters of the Kosugi

(1996) model defining the geometric mean (rm ) and SD (σ) of
the pore size distribution are sensitive to soil management in
response to changes in the seasonal cycle (Kreiselmeier et al.,
2019), as well as characteristics of the rooting system (Scholl
et al., 2014).

4.1

Effect of management practices

Implementation of differing management practices (CONV
vs. LEG vs. MNR) over 40 yr at Rodale’s FST had a measurable effect on soil organic C (SOC), dry bulk density (ρb )
and total porosity (θs ) derived from fitting of the SWR data.
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F I G U R E 7 Empirical density functions of the log-transformed geometric mean pore radius values (Log rm ) and SDs of the pore distributions
(σ) based on the Kosugi (1996) model by management (top row) and tillage (bottom row) treatments. The no-till (NT) and rotational no-till (R-NT)
treatments include samples from the conventional (CONV) and organic (MNR, LEG) management plots, respectively

In contrast, the saturated hydraulic conductivity (Ksat ), the
unsaturated conductivity at field capacity (Kfc ), the parameters of the Kosugi (1996) SWR model (rm and σ), and the
calculated indicator water content values (θfc , θwp , θpaw , and
θAirCap ) were not statistically different between management
practices.
The influence of SOC on Ksat and SWR is currently not well
understood. Contrary to expectations that improved aggregation induced by greater levels of SOC would increase Ksat
and water retention values, the analyses of large databases
indicate that increases in SOC result in small changes of
these hydraulic properties, and, in some cases, correlations
could be negative (Minasny & McBratney, 2018; Nemes et al.,
2005). The apparent disconnect between SOC and hydraulic
properties is also reflected in the disparity of results from
controlled experiments involving organic management. For
example, 13 yr of organic management was found to increase
Ksat and reduce ρb , but had no effect on SOC (Oquist et al.,
2006). Another analysis found an increase in organic matter, but no significant change in ρb , Ksat or θpaw after 40 yr
(Williams et al., 2017). Miller et al. (2018) reported decreases
in ρb , but no changes in Ksat following 15–17 yr of cattle manure applications. Blanco-Canqui et al. (2015) found
that 71 yr of organic manure amendments did not significantly change ρb , but did increase θpaw (15-to-30-cm depth),
water retention and SOC (0-to-30-cm depth). Eden et al.
(2017) analyzed results from 17 LTE experiments (≥9 yr) in
which organic amendments were added to soils and found

that increases in SOC over the levels in the control plots
did not correlate with changes in either θfc or θwp , but were
weakly correlated to increases in θpaw . Limited or no response
of these SWR variables to increases in SOC has also been
reported in the context of cover crops (Blanco-Canqui &
Ruis, 2020).
There was no discernable effect of management practices
on the rm or σ values (Figure 7). On the contrary, Zhang
et al. (2021) reported that the pore system of soils treated
with farmyard manure for 170 yr were different than those
receiving inorganic fertilizers and were closer to the properties of pore systems in forest soils. However, the magnitude of the quantified differences varied with scale (aggregate vs. core), raising the possibility that changes in intraaggregate pores produced by management practices at FST
were not detected by the water retention measurements that
represent the integrated effect of the entire pore system within
a core.
Historical analyses of FST have previously shown an
increase in SOC and reduction in ρb in organically managed
systems. Our results are consistent with these analyses (Seidel et al., 2017; Wander et al., 1994), where SOC was significantly greater in the MNR system when compared with LEG
and CONV at all sampled depths. This finding is also supported by studies that examined the effect of manure amendments on SOC, where manure was found to increase SOC
compared with LEG and CONV amendments (Blanco-Canqui
et al., 2015; Gattinger et al., 2012).
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4.2

Effect of tillage

Tillage practices (NT vs. T) had a measurable effect on SOC,
ρb , and θAirCap , but no statistically significant differences in
Ksat , θfc , θwp , or θpaw were observed. These results indicate
that tillage practices altered only the amount of soil pores that
remain empty between saturation and field capacity (θfc ) (i.e.,
pores with radii greater than 4.5 μm), which seems to be confirmed by the marginal effect of tillage on Kfc . Few variables
demonstrated substantial differences because the two tillage
treatments implemented in the FST experiment create relatively similar disturbances, compared with many side-by-side
comparative studies of conventional tillage vs. reduced- or
no-till. Unlike other comparative experiments where tillage is
suspended on no-till plots, the absence of a significant difference between organic rotational NT (where significant tillage
still occurs) and CONV NT (where no tillage occurs) implies
that reducing tillage in organic NT might result in more
distinct differences between organic and conventional management treatments. Additionally, the NT plots were introduced after 30 yr from the establishment of the experiment,
which means the NT plots were sampled after 10 yr of experimentation, as opposed to the T plots that had 40 yr of
treatment.
Similar to management, the effects of tillage on soil properties vary widely across studies (Strudley et al., 2008). A
regional analysis of 12 experiments (between 5 and 35 yr in
age) by Christopher et al. (2009) found small effects of notill on ρb and SOC with the most notable change at the shallowest depth. However, Blanco-Canqui et al. (2017) found no
changes in soil porosity, Ksat or SWR between four different
tillage levels after 35 yr. Additionally, organically managed
reduced tillage plots had significantly higher ρb and lower Ksat
than moldboard plowed plots (Crittenden et al., 2015). Abid
and Lal (2009) found that no-till plots did not have a significant effect on θpaw , despite significant (higher in NT when
compared with T) changes in organic C after 14 yr (Abid &
Lal, 2008).
Tillage had the largest impact on ρb (NT > T) and produced subtle differences in the distributions of rm and σ values
derived from SWR (Figures 7c and d). Specifically, plots that
were tilled with a moldboard plow (T) seemed to have a larger
variation of pore sizes (wider distribution of rm and σ) compared with those managed with noninversion tools (NT). This
is consistent with the effects of an inversion tool on soil porosity; moldboard plows tend to produce greater total porosity
and ponded infiltration rates (determined by the amount of
larger pores) than noninversion tillage tools (Abdollahi et al.,
2014; Blanco-Canqui et al., 2017). Although tillage practices
did not produce significant differences in Ksat values, the positive correlation with rm (Supplemental Figure S1) and θAirCap
(Supplemental Figure S3) suggests that plots tilled with a
moldboard plow could have greater values of Ksat than NT
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plots. This interpretation is reinforced by the tendency of Kfc
to be larger in T than in NT plots.

4.3

Effect of depth

Properties that define soil quality are commonly found to vary
by depth (Shukla et al., 2006). In this study, significant differences by depth were observed for θfc, θwp, θpaw, θAirCap , SOC,
and ρb, but not for Ksat . Declines in SOC with depth are well
documented and are attributable to rooting depth and the penetration depth of the tools used during tillage (Strudley et al.,
2008). The increase in ρb with depth is caused by a reduction
in the volume of the pore space, aggregation, and increases
in compaction. Within the plow layer, soil physical properties are expected to be highly variable but relatively uniform
with depth because of the tillage mixing effect. The observations suggest that depth may be a more important variable than
management for observed differences in soil physical properties, and thus must be adequately accounted for in comparative
studies.
The results in this work show internal consistency (Supplemental Figures S1–4) and were obtained using a widely
adopted methodology (Schindler & Müller, 2017). Nevertheless, the length of the core samples (5 cm) may have influenced the outcome of the Ksat (Anderson & Bouma, 1973)
and, to a lesser extent, the SWR measurements (Larson &
Morrow, 1981; Pachepsky et al., 2001). Furthermore, a more
complete assessment of the effects of management and tillage
practices on soil structure at FST should include multiple evaluations over time, preferably done in-situ with tension infiltrometers (Kreiselmeier et al., 2019; Strudley et al., 2008).

5

CONCLUSION

Although our results showed an increase in SOC and
reduction in bulk density in organically managed treatments
(mostly attributable to manure amendments), these did not
translate into substantial differences in observed saturated
hydraulic conductivity and plant available water after 40 yr.
However, implementing organic management strategies to
promote the buildup of SOC in targeted soil layers could
be an effective strategy for enhancing soil water storage for
crops with root systems that extend deeper than the relatively
shallow soil depths examined in this study. Achieving soil
hydraulic properties that prevent damage to crop yield as
a result of large rainfall events or drought is essential to
building soil resilience to water-induced stresses. Although
partly attributable to the high spatial variability of soil
properties, our results suggest that relatively minor differences between management practices may be insufficient
to generate the outcomes predicted by the first principles of
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soil structural dynamics. Implementation of more substantial
changes to tillage method and frequency, or management
of organic residues or amendments, will be necessary to
achieve the outcomes necessary for sustaining agricultural
soil productivity in the face of climate change.
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